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Defect-Induced Pt-Co-Se Coordinated Sites with Highly Asymmetrical Electronic 
Distribution for Boosting Oxygen-Involving Electrocatalysis 
Abstract 
Rational design and synthesis of hetero-coordinated moieties at the atomic scale can significantly raise 
the performance of the catalyst and obtain mechanistic insight into the oxygen-involving electrocatalysis. 
Here, a facile plasma-photochemical strategy is applied to construct atomically coordinated Pt-Co-Se 
moieties in defective CoSe2 (CoSe2−x) through filling the plasma-created Se vacancies in CoSe2−x with 
single Pt atomic species (CoSe2−x-Pt) under ultraviolet irradiation. The filling of single Pt can remarkably 
enhance the oxygen evolution reaction (OER) activity of CoSe2. Optimal OER specific activity is achieved 
with a Pt content of 2.25 wt% in CoSe2−x-Pt, exceeding that of CoSe2−x by a factor of 9. CoSe2−x-Pt 
shows much better OER performance than CoSe2−x filled with single Ni and even Ru atomic species 
(CoSe2−x-Ni and CoSe2−x-Ru). Noticeably, it is general that Pt is not a good OER catalyst but Ru is; thus 
the design of active sites for electrocatalysis at an atomic level should follow a different intrinsic 
mechanism. Mechanism studies unravel that the single Pt can induce much higher electronic distribution 
asymmetry degree than both single Ni and Ru, and benefit the interaction between the Co sites and 
adsorbates (OH*, O*, and OOH*) during the OER process, leading to a better OER activity. 
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Heterogeneous catalysts  are  appealing for 
their high activity and/or selectivity in 
industrial processes due to their tuneable 
atomic coordination structure at multi- 
phase (gas–liquid–solid) reaction site.[1,2] 
However, heterogeneous catalysts suffer 
from the low atom utilization efficiency 
because of their limited surface active  sites 
accessible to reactants.[3] To address this 
challenge, considerable efforts have been 
devoted to downsizing the bulk 
heterocatalysts to low dimensional  or even 
atomic scale that can maximize the 
exposed active sites.[3] Recently, atomically 
dispersed catalysts with isolated metal 
atoms on supports such as metal oxides,[4] 
carbides,[5] transition-metal dichalcoge- 
nides (TMDs),[6] zeolites,[7] and carbons[8] 
have sparked new interests in heteroge- 
neous catalysis, and demonstrated excel- 
lent catalytic performance in water–gas 
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Rational design and synthesis of hetero-coordinated moieties at the atomic 
scale can significantly raise the performance of the catalyst and obtain mecha- 
nistic insight into the oxygen-involving electrocatalysis. Here, a facile plasma- 
photochemical strategy is applied to construct atomically coordinated Pt–Co–Se 
moieties in defective CoSe2 (CoSe2−x) through filling the plasma-created Se 
vacancies in CoSe2−x with single Pt atomic species (CoSe2−x-Pt) under ultraviolet 
irradiation. The filling of single Pt can remarkably enhance the oxygen evolution 
reaction (OER) activity of CoSe2. Optimal OER specific activity is achieved with  
a Pt content of 2.25 wt% in CoSe2−x-Pt, exceeding that of CoSe2−x by a factor of 
9. CoSe2−x-Pt shows much better OER performance than CoSe2−x filled with 
single Ni and even Ru atomic species  (CoSe2−x-Ni  and  CoSe2−x-Ru).  Notice- 
ably, it is general that Pt is not a good OER catalyst but Ru is; thus the design  
of active sites for electrocatalysis at an atomic level should follow a different 
intrinsic mechanism. Mechanism studies unravel that the single Pt can induce 
much higher electronic distribution asymmetry degree than both single Ni and 
Ru, and benefit the interaction between the Co sites and adsorbates (OH*, O*, 





shift reaction,[4] CO oxidation,[9,10] hydrogenation,[10,11] photo- 
chemical, and (photo)electrochemical reaction.[12–15] Besides the 
merit of high atom utilization efficiency in atomically dispersed 
catalysts, another distinct advantage is that the tuneable coor- 
dination configuration of the single atomic site can synergis- 
tically alter the reaction pathway, leading to tailored catalytic 
performance. However, to date the wide implementation of 
atomically dispersed catalysts in heterocatalysis still confront  at 
least two obstacles: i) only low content of atomically hetero- 
coordinated moieties can be formed as active sites due to the 
extremely low loading of atomic metal species (1.5 wt%) for 
avoiding the sintering issue;[16] ii) the origin of the structure– 
property correlation between atomically hetero-coordinated 
moieties and tailored activities remains  ambiguous,  owing  to  the 
difficulty in synthesizing and characterizing targeted coor- dinated 
moieties without other structural and compositional impurities. 
Recently, the importance of defects in oxygen-involving elec- 
trocatalysis has been demonstrated by several groups.[17–20] For 
instance, the electronic state is asymmetrically tailored at the 
vacancy or reconstructed carbon defect sites of graphene com- 
pared to perfect hexagonal lattice, which can not only enhance the 
electrocatalytic activity in oxygen reduction reaction (ORR), but 
also be functional for other electrochemical reactions, such   as 
oxygen evolution reaction (OER) and hydrogen evolution reaction 
(HER).[21] Similarly, defect-rich transition-metal oxides and TMDs 
(e.g., MoS2 and CoSe2) have also been demonstrated to increase 
their electrocatalytic activities owing to the tuned bandgaps 
through  defect-induced  crystal  strain.[22,23]  However, it is still a 
grand challenge to retain the stability of these defect sites especially 
under the harsh redox process of the electroca- talysis. To this end, 
coordination of the defect sites with metal atomic species in 
defect-rich carbons or TMDs may be a poten- tial strategy to 
stabilize the topological structures of defects, prevent atomic metal 
species from aggregation, and even fur-  ther manipulate the local 
electronic distribution through the diverse coordinated  
configurations.  In  our   previous   study, we directly identified the 
coordination structure of atomic Ni trapped in graphene defects by 
using aberration-corrected transmission electron microscopy 
(TEM), and revealed that dif- ferent integrated coordination 
structures (atomic Ni at various carbon defects) may be the specific 
active sites for OER and HER, respectively.[24] With  respect  to  
the  defect  coordination in TMDs, Liu et al. reported that isolated 
Co atoms (1.8 wt%) can be stably doped on the MoS2 monolayer 
via forming the Co–S–Mo coordination structure, which endows 
the  catalyst  with excellent activity, selectivity, and stability for 
the hydrode- 
oxygenation reaction.[6]  Additionally, defects on g-C N [25]   and 
hetero-coordinated moieties at atomic scale with definite struc- ture 
through a convenient strategy for raising the performance and 
deepening the mechanistic understanding of  heteroge- neous 
catalysis. 
It is assumed that the formation of hetero-coordinated moi- 
eties at atomic scale with asymmetrical electronic distribution 
should be conducive to the OER catalysis, as it can benefit the 
adsorption and desorption of the adsorbates.[24,30] To prove it, 
we design the atomically coordinated Pt–Co–Se moieties with 
highly asymmetrical electronic distribution for OER electro- 
catalysis. The hypothesis is that the lower electronic site (Co) 
(compared with Pt) is more attractive to OH*, and simulta- 
neously the lower electronic site is balanced by the negative 
charged OH*. Afterward,  the  balanced  electronic  site  (Co) is 
thus favorable for the OOH* desorption. We apply a facile 
room-temperature photochemical method (UV irradiation) [28] 
to prepare Pt atomically dispersed defective CoSe2  nanosheets 
(CoSe2−x-Pt) with a Pt loading content of 2.25 wt%. Both the 
X-ray absorption fine structure (XAFS) analysis and high-angle 
annular dark-field scanning transmission electron microscopy 
(HAADF-STEM) image can verify the filling of single Pt and 
formation of atomic Pt–Co–Se coordination.  We  carry  out the 
density functional theory (DFT) calculations and use the 
standard deviation () value of the Bader charge numbers of 
Se atoms as a descriptor to represent the electronic distribu- tion 
asymmetry degree. Owing to the formation of atomically 
coordinated Pt–Co–Se moieties, the  value of CoSe2 matrix 
significantly increases from 0.027 (CoSe2-origin) to 0.070, indi- 
cating the prominently elevated electronic distribution asym- 
metry degree of CoSe2−x-Pt. The superior OER performance of 
CoSe2−x-Pt with high asymmetry degree supports our hypoth- 
esis. CoSe2−x-Pt catalyst exhibits a high activity for OER in 
1.0 m KOH, delivering a specific activity of 16.5 and 9.0 times 
greater than that of CoSe2-origin and CoSe2−x, respectively. The 
plasma-photochemical process can also load the single Ni and 
Ru atomic species on CoSe2−x, but the OER activities of 
CoSe2−x-Ni and CoSe2−x-Ru are lower than that of CoSe2−x-Pt, 
which may be attributed to their smaller electronic distribution 
asymmetry degree. 
The CoSe2-origin was synthesized in conformity to the 
existing literature.[31] The as-prepared CoSe2-origin nanoplates 
(Figure S1, Supporting Information) were subjected to argon 
(Ar) microwave plasma treatment at 100 W for different lengths 
of time (30, 75, and 120 min) to obtain CoSe2 nanosheets   with 
abundant selenium vacancies (CoSe2−x), as illustrated in Figure 
1a. The Ar plasma treatment can successfully exfoliate the 
material into much thinner nanosheets (1.8 nm, 3 CoSe2 layers) 
(Figure 1b,c; Figure S2, Supporting Information).[31] 3    4 
reducible oxides (like FeOx, CeO2, and TiO2)[4,26–28] have also 
been applied to stabilize atomically dispersed metal atoms on 
supports. Nevertheless, synthesizing the above atomic coor- 
dination structures normally involves sophisticated or harsh 
treatment process (e.g., high-temperature pyrolysis, acid 
leaching, and electrochemical activation), which would limit the 
practical application of the above catalysts. Moreover, even it is 
well-known that the single metal centres cannot perform 
catalysis alone, for the vast majority of the single atom catalysts, 
their real active sites have not been unambiguously revealed.[29] 
Therefore, it is highly desirable to design and synthesize 
The X-ray diffraction (XRD) patterns (Figure 1d) and Raman 
spectra (Figure S3, Supporting Information) both demonstrate 
that the exfoliation process of CoSe2-origin would not alter its 
crystal structure.[32–34] As the CoSe2−x-75 min shows the best 
OER activity among all the CoSe2−x samples (Figure S4, Sup- 
porting Information), CoSe2−x-75 min was chosen as support to 
load the Pt atoms. H2PtCl6 solution was added into an aqueous 
dispersion of CoSe2−x to allow the adsorption of PtCl 2− spe- 
cies, and then irradiated by low-intensity UV light provided   by 
a Xenon lamp (Figure 1a). After irradiation for 10 min, the 








Figure 1. Preparation and morphology characterization of CoSe2−x-Pt. a) Schematic illustration of the Ar-plasma-induced exfoliation of CoSe2-origin 
and the loading of single Pt by UV irradiation. b) TEM image and c) AFM image of the exfoliated CoSe2−x. d) XRD patterns of CoSe2-origin, CoSe2−x, 
and CoSe2−x-Pt. e) XPS survey scan spectra of CoSe2−x and CoSe2−x-Pt. f) TEM image and g) EDS mapping of CoSe2−x-Pt. 
 
water and ethanol. XRD pattern presents no new peak after the Pt 
loading (Figure 1d). However, the X-ray photoelectron spec- 
troscopy (XPS) spectrum of CoSe2−x-Pt shows a new peak at 
72 eV that ascribed to Pt 4f (Figure 1e).[35]  The inductively  cou- 
pled plasma atomic emission spectroscopy (ICP-AES) confirms 
the Pt amount of CoSe2−x-Pt to be 2.25 wt%. Importantly, even 
with this relatively high loading amount, no Pt nanoparticles are 
observed in TEM image (Figure 1f). Energy-dispersive X-ray 
spectroscopy (EDS) elemental mapping proves that Pt atoms 
are highly dispersive throughout CoSe2−x-Pt (Figure 1g). These 
results trigger us to assume that the Pt species exist as single 
atomic species on CoSe2−x surface after the UV irradiation,  
which will be verified later. 
XPS and XAFS spectroscopy were applied to study the dif- 
ference on the surface of CoSe2-origin and CoSe2−x. After Ar 
plasma treatment, the peak of Co–Se species at 778.0 eV[36,37] in 
the Co 2p spectrum becomes obviously weaker (Figure 2a). 
Meanwhile, in the Co K-edge X-ray absorption near edge struc- 
ture (XANES) spectra (Figure 2b), a substantial shift of the 
XANES peak to a lower energy is observed after Ar plasma 
exfoliation. This should be attributed to the formation of sele- 
nium vacancies.[38,39] Moreover, in the Co k3-weighted Fourier 
transform extended X-ray absorption fine structure (EXAFS) 
spectra, the peaks at about 2.10 Å are corresponding to the 
Co–Se contribution (Figure 2c),[23,40,41] and the intensity decreases 
after Ar plasma treatment. The EXAFS data fitting results show 
that compared with CoSe2-origin, the coordination numbers 
(C.N.) for Co–Se1 (the first Co–Se shell) and Co–Se2 (the second 
Co–Se shell) of CoSe2−x reduce by 1.5 and 0.5, respectively 
(Figure S5 and Table S1, Supporting Information).[40,42] The Se 
K-edge XANES intensity of CoSe2−x also obviously reduces com- 
pared with CoSe2-origin (Figure S6, Supporting Information), 
indicating the reduction in C.N. of Se–Co because of the positive 
correlation of intensity with C.N.[43] These data verify the suc- 
cessful creation of selenium vacancies by Ar plasma. 
After loading the Pt atoms, the Pt 4f XPS spectrum of 
CoSe2−x-Pt can only be fitted into peaks that attributed to oxi- 
dized Pt2+ (Figure 2d).[35] No peak that is ascribed to the metallic 
clusters (Pt0) or PtCl 2− species (Pt4+) can be found in the XPS 
spectrum. Besides, in the normalized XANES spectra of the Pt 
L3-edge (Figure 2e), the white-line prominent peak intensity of 
CoSe2−x-Pt is between those of Pt foil and PtO2, suggesting the 
partial oxidation of Pt atoms in CoSe2−x-Pt.[24,44] EXAFS spectra 
can provide important evidence  on  the  atomic  dispersion  of  Pt 
species on CoSe2−x (Figure 2f). No Pt Pt contribution at about 
2.60 Å can be found in the k2-weighted EXAFS of the      Pt L3-edge 
for CoSe2−x-Pt; therefore Pt should exist predomi- nantly as single 







Figure 2. The structural characterizations of CoSe2−x and CoSe2−x-Pt. a) High-resolution Co 2p XPS spectra of CoSe2-origin and CoSe2−x. b) Co K-edge 
XANES spectra and c) k3-weighted Fourier transform EXAFS spectra of the Co for CoSe2-origin and CoSe2−x. d) High-resolution Pt 4f XPS spectrum 
of CoSe2−x-Pt. e) Pt L3-edge XANES spectra and f) k2-weighted Fourier transform EXAFS spectra of the Pt for Pt foil, PtO2, and CoSe2−x-Pt. g) The 
unprocessed HAADF-STEM image of CoSe2−x-Pt. The contrast is proportional to square of atomic number. The white atoms in the yellow square area 
correspond to heavy metal Pt atoms. h) The processed and colored HAADF-STEM image of CoSe2−x-Pt. The bright yellow spots are Pt atoms and the 
cyan spots are Co atoms. i) 2D atomic arrangement of bright Co atoms on (210) plane and of dark Co and Se atoms underneath (210) plane. 
 
prominent peak at 2.14 Å arising from Pt Co contribution[45] 
can be seen in the Pt L3-edge EXAFS spectrum of CoSe2−x-Pt. 
These results confirm that the single Pt are dominantly present 
as atomic Pt Co coupling at selenium vacancies of the CoSe2 
surface to form atomically coordinated Pt–Co–Se moieties. The 
C.N.s of Pt O, Pt Se, and Pt Co can be fitted to 1.0, 1.0, and 
2.0, respectively, by given in Figure S7 and Table S2 (Sup- 
porting Information). 
The high-angle annular dark-field high-resolution trans- 
mission electron microscopy (HAADF-HRTEM) image 
(Figure 2g) shows that the Pt atoms, which are of higher atomic 
number and thus higher contrast than the sur- rounding Co 
atoms, homogeneously scatter across the CoSe2 basal plane.[6] 
According to the fast Fourier transformation (FFT) (Figure 
S8a, Supporting Information) of the selected 
area in Figure 2g, as well as the corresponding lattice parame- 
ters (Figure S8b, Supporting Information), the observed basal 
plane can be verified to be the (210) plane of CoSe2. Bene-  
fiting from the FFT and inverse FFT, noise was filtered and the 
colored HAADF image of CoSe2−x-Pt clearly shows the ordered 
distribution of the Pt atoms with the size of 0.2 nm on CoSe2 
surface, situating on Co atop sites (Figure 2h,i). All the 
aforementioned results prove that single Pt are success- fully 
trapped by selenium vacancies to form atomically coor- dinated 
Pt–Co–Se moieties. 
The influence of the single Pt filling on the OER performance 
of CoSe2 matrix is investigated. It should be noted that the exist- 
ence of Se vacancy is essential for the single Pt trapping. Even 
the same H2PtCl6 solution dosage is used (1.5 mL, 5.0  10−3 m), 






Figure 3. Electrochemical oxygen evolution and oxygen reduction activities. a) OER polarization curves of CoSe2-origin, CoSe2-origin-Pt, CoSe2−x, 
CoSe2−x-Pt, and 20 wt% Pt/C performed in 0.1 m KOH. b) OER polarization cures of CoSe2-origin, CoSe2-origin-Pt, CoSe2−x, and CoSe2−x-Pt performed 
in 1.0 m KOH. c) The comparisons of overpotential to reach a current density of 10 mA cm−2, Tafel slope, EIS at a potential of 0.65 V versus Ag/AgCl, 
ECSA, mass activity, and specific activity at an overpotential of 300 mV among CoSe2-origin, CoSe2−x, and CoSe2−x-Pt, and the inset shows the radar 
chart comparing the activity between CoSe2−x-Pt and RuO2 in 1.0 m KOH. d) ORR polarization cures of CoSe2-origin, CoSe2−x, CoSe2−x-Pt, and com- 
mercial 20 wt% Pt/C performed in 0.1 m KOH, the inset shows the TOF of Pt atoms of CoSe2−x-Pt and Pt/C. e) The percentage of peroxide yields and 
the electron transfer numbers of CoSe2−x-Pt and Pt/C for ORR in 0.1 m KOH solution. 
than CoSe2-origin (0.96 wt%) (Figure 3a). Meanwhile, some Pt 
atoms on CoSe2-origin would aggregate into Pt clusters because 
there are not enough selenium vacancies (Figure S9, Supporting 
Information). As a sequence, CoSe2−x-Pt shows     a much better 
OER activity than CoSe2−x and CoSe2-origin-  Pt (Figure 3a). 
Interestingly, the commercial Pt/C catalyst exhibits nearly no 
OER activity in 0.1 m KOH (Figure 3a), but here the single Pt 
is found to remarkably boost the OER per- formance of 
CoSe2−x. Moreover, with the increase of Pt content 
from 0 to 2.25 wt%, the overpotential required for CoSe2−x-Pt 
to reach a current density of 10 mA cm−2 in 0.1 m KOH sig- 
nificantly decreases from 370 mV to 314 mV (Figure S10a, 
Supporting Information), while their corresponding current 
density at  = 350 mV sharply increases from 4.0 to 43.0 mA cm−2 
(Figure S10b, Supporting Information). However, when further 
increasing the Pt loading amount to 4.06 wt%, its cur- rent 
density decreases to 8.8 mA cm−2 (Figure S10b, Supporting 






shows that the Pt atoms on CoSe2 surface aggregate into par- ticles 
with the size of 2.5 nm (Figure S11, Supporting Infor- mation). 
The notably enhanced OER catalytic performance of 
CoSe2−x-Pt-2.25 wt% in comparison to CoSe2−x-Pt-4.06 wt% 
confirms that the single Pt is much superior to metallic bulk Pt   in 
improving the OER activity of CoSe2 support. 
Single Ni and Ru were also introduced onto the CoSe2−x 
surface through the same photochemical reduction strategy. The 
existence of Ni and Ru atoms on CoSe2−x can be con-  firmed 
by XPS (Figure S12, Supporting Information),[46,47] while their 
contents are verified by ICP-AES to be 1.1 and 
1.9 wt%. From the TEM images no nanoparticles can be observed 
on CoSe2−x surface (Figure S13,  Supporting  Information), 
but EDS mapping images show that Ni and Ru species are 
highly dispersive across the CoSe2−x surface (Figures S14 and 
S15, Supporting Information). X-ray absorption spectroscopy 
(XAS) measurement further verifies the single-atom state of 
Ni on CoSe2−x (Figure S16, Supporting Information). After 
loading the single Ni and Ru, the OER activity of CoSe2−x can 
both be improved (Figure S17a, Supporting  Information). 
But as indicated in Figure S17b–d (Supporting Information), 
CoSe2−x-Pt exhibits a much higher OER activity even at the 
same loading content. It implies that the coordinated Pt–Co–Se 
moiety is more active than Ru–Co–Se and Ni–Co–Se, even 
Ni and Ru are reported to be active OER active sites.[24,48] The 
higher reactivity should be attributed to the different electronic 
distribution asymmetry degree induced by single Pt, Ni, and 
Ru sites,[21,24] which can improve the OER activity to different 
extent. It will be discussed in the following DFT calculation part. 
The above OER measurement was conducted in 0.1 m KOH 
solution. To facilitate the activity comparison of our synthe- 
sized CoSe2−x-Pt with other reported catalysts,[21,49] the OER 
activities of the materials have also been tested in 1.0 m KOH 
(Figure 3b). It can be found that the CoSe2−x-Pt requires a sig- 
nificantly lower overpotential (255 mV) to afford a current den- 
sity of 10 mA cm−2 than CoSe2-origin (355 mV) and CoSe2−x 
(300 mV). In Figure 3c, the Tafel slopes (Figure S18, Supporting 
Information) and the charge transfer resistance (Figure S19, Sup- 
porting Information) calculated from electrical impedance spec- 
troscopy (EIS) both reveal a faster charge transfer in CoSe2−x-Pt 
during the OER process.[37] Actually, the activity of CoSe2−x-Pt 
has outperformed most of the reported CoSe2-based OER cata- 
lysts to date and other state-of-the-art nonprecious metal cata- 
lysts (Table S3, Supporting Information). Through obtaining the 
double layer capacitances (Cdl) of the samples through cyclic vol- 
tammetry measurement (Figure S20, Supporting Information), 
the electrochemical active surface areas (ECSAs) of CoSe2−x-Pt, 
CoSe2-origin, and CoSe2−x can be estimated to be 1775.0, 787.5, 
and 1177.5 cm 2, respectively.[50] When normalizing the OER 
mass activity of the catalysts to the ECSA, it can be found that the 
shows a promising  OER  stability  in  1.0  m  KOH.  During  the 10 
000 s of stability test  at a constant  overpotential  of 250 mV, its 
current density shows negligible decrease (Figure S22, Sup- porting 
Information). After  the  OER  test,  XRD  and  TEM  tests prove 
no obvious change on the structure of CoSe2−x-Pt (Figure S23, 
Supporting Information). Meanwhile, Co K-edge XANES and 
k3-weighted Fourier transform EXAFS spectra verify that the cubic 
crystal structure of CoSe2 can be maintained in the OER reaction. Pt 
L3-edge XANES spectra and k2-weighted Fourier transform EXAFS 
spectra of CoSe2−x-Pt-after OER prove that Pt atoms would be 
mildly oxidized in the OER reaction,  but still  keep as the form of 
single atomic species on CoSe2−x (Figure S24, Supporting 
Information).  All  these  results  demonstrate  that single Pt can be 
stabilized by forming the atomically coordinated Pt–Co–Se moieties 
even in the harsh reaction condition. 
Then we investigated the catalytic oxygen reduction (ORR)    by 
the synthesized CoSe2−x-Pt catalyst. As shown in Figure 3d, 
CoSe2−x-Pt exhibits a remarkably higher half-wave  potential (0.83 
V vs reversible hydrogen eletrode (RHE)) than CoSe2- origin (0.64 
V vs RHE) and CoSe2−x (0.75 V vs RHE), as well    as much larger 
limit current density. Even the half-wave poten- tial of CoSe2−x-Pt 
is still slightly inferior to that of commercial   20 wt% Pt/C catalyst 
(0.85 V vs RHE), the turnover frequency (TOF) of Pt atoms in 
CoSe2−x-Pt (2.0 s−1) is 7.4 times greater than that of Pt/C (0.27 
s−1). The atomically coordinated Pt– Co–Se moieties can even alter 
the ORR reaction pathway of single Pt. Based on the Koutecky–
Levich plots (Figure S25, Sup- porting Information) and ring-disk 
currents (Figure 3e), the electron transfer number (n) of CoSe2−x-Pt 
is calculated to be larger than 3.6, implying its 4e−  transfer pathway 
for ORR.[51]        It is well-known that the O O dissociation is the 
key step of      the 4e− pathway. Because of the kinetic barrier of O O 
disso- ciation,[52] the isolated single Pt often activates  a  2e−  pathway 
and generates H2O2 as the ORR product.[24] However, the 
CoSe2−x-Pt undergoes a distinct 4e− pathway in contrast to iso- 
lated Pt atoms, indicating that the Pt Co interaction could play    a 
key role to break the O O bond and activate the ORR in a 4e− 
pathway. Instead, the loading of single Ni and Ru on CoSe2−x 
would be not beneficial for ORR, leading to the decrease of the 
activity (Figure S26, Supporting Information). 
Figure S27 (Supporting Information) clearly represents the 
good OER/ORR bifunctional activities of CoSe2−x-Pt in 0.1 m 
KOH, with a small potential difference of 0.73 V between the 
OER potential for 10.0 mA cm−2 and ORR half-wave potential. 
This potential difference is even smaller than that of the control 
catalyst mixed by Pt/C (for ORR) and RuO2 (for OER) (0.77 V) 
and other reported ORR/OER bifunctional catalysts (Figure S28, 
Supporting Information). After assembling the CoSe2−x-Pt catalyst 
into a rechargeable Zn–air battery (Figure S29a,b, Supporting Infor- 
mation), it delivers a current density of 101 mA mg−1 at the dis- 
specific activity of CoSe2−x-Pt (9.9 A cm −2) is 16.5 times and charge voltage of 1.0 V, and a peak power density of 155 mW mg−1 
ECSA 
9.0 times greater than that of CoSe2-origin (0.6 A cm 
−2 
ECSA at a current density of 280 mA mg
−1 (Figure S29c, Supporting 
CoSe2−x (1.1 A cm −2) (Figure 3c). The CoSe -Pt shows an Information). Moreover, CoSe2−x-Pt exhibits a promising durability 
activity far better than the commercial precious RuO2 catalyst (as 
seen in the inset radar chart of Figure 3c). Besides, the Faradaic 
efficiency of CoSe2−x-Pt in 1.0 m KOH is calculated as 96.1%, and 
no CO and CO2 were detected in its OER product (Figure S21, 
Supporting Information), confirming that almost all the electrons 




at current densities of 5.0 mA mg−1 (Figure S29d, Supporting 
Infor- mation). After 780 charge/discharge cycles (300 s per 
cycle), the charge potentials still hold at 2.0 V, while the 
discharge potentials only decline slightly to 1.2 V. Besides, as a 
demonstration shown in Figure S29e (Supporting Information), 
two Zn–air batteries can be connected in series to power a 






Figure 4. Mechanistic study of catalytic active sites on CoSe2−x-Pt. a–c) The geometries of CoSe2-origin, CoSe2−x, and CoSe2−x-Pt and their 3D charge 
density differences calculated by DFT. d–f) The Bader charge numbers of atoms in CoSe2-origin, CoSe2−x, and CoSe2−x-Pt. The different colors represent 
the different charge numbers. g) Energy profiles of the CoSe2-origin, CoSe2−x, CoSe2−x-Pt, CoSe2−x-Ni, and CoSe2−x-Ru for OER. h) The Bader charge 
numbers of atoms of CoSe2−x-Pt during the OH*, O* and OOH* adsorption, and OOH* desorption process. The inset shows the comparison of Bader 
charge number of M (Pt, Ni, and Ru) and Co atoms in CoSe2−x-Pt, CoSe2−x-Ni, and CoSe2−x-Ru after OH* and OOH* adsorption. 
 
Based on the above experimental data, we attribute the 
remarkably enhanced OER activities of CoSe2−x-Pt to the forma- 
tion of atomically coordinated Pt–Co–Se moiety structure. To 
reveal its role in improving the OER performance of CoSe2, a 
series of DFT calculations were conducted (see computational 
details in the Supporting Information). Figure 4a–c shows the 
3D charge density differences of CoSe2-origin, CoSe2−x, and 
CoSe2−x-Pt. Two Se atoms are removed from the structure model 
of CoSe2-origin to form the stable structure of CoSe2−x (CoSe2-2v). 
With the removal of two Se atoms, the electrons that previously 
occupied Se 4p orbitals become delocalized around the Co  
atoms neighboring the selenium vacancies, as well as the adja- 
cent Se atoms.[53] Moreover, after loading the Pt atoms to the 
vacancies, the charge will be further deviated owing to the dif- 
ference of the electronegativity among Pt (2.28), Se (2.55), and 
Co (1.88). Therefore, compared with CoSe2-origin (Figure 4a), 
the electrons are more inclined to redistribute and accumulate 
around the selenium vacancies (Figure 4b), and even more  
around atomically coordinated Pt–Co–Se moieties (Figure 4c), 
leading to a significantly increased electronic distribution asym- 
metry degree.[24,30] We calculate the Bader charge numbers of 
the atoms, and use the standard deviation () of the charge 
numbers of Se atoms as a descriptor to quantify the asymmetry 
degree. As shown in Figure 4d–f, the Co atom would lose elec- 
trons (negative value), while the Se atoms would obtain elec- 
trons (positive value). For CoSe2-origin (Figure 4d), its overall 
electron distribution is nearly symmetric; thus the  value of 
CoSe2-origin is as low as 0.027. The  value could increase to 
0.046 and further to 0.070 after introducing the Se vacancies 
(Figure 4e) and loading the single Pt (Figure 4f), respectively. 
The different electronic distribution asymmetry degree could 
affect the local density of states (LDOS) of the materials. As 
shown in Figure S30 (Supporting Information), the 3d-orbitals 
of Co atoms and 2p-orbitals of Se atoms of CoSe2−x-Pt show 
much higher LDOS near Fermi level than CoSe2-origin and 
CoSe2−x. According to the d-band centre theory,  the d-band  of 
substrate could interact strongly with the highest occupied 
molecular orbital and lowest unoccupied molecular orbital of 
the adsorbate, and the higher electron density near the Fermi 
level will facilitate the adsorption of adsorbates.[24,54] 
The key to a high OER activity is an appropriate interaction 




To demonstrate the change of the electronic distribution asym- 
metry degree of the materials on the interaction between the Co 
sites and OER intermediates, the Bader charge numbers of the 
coordinated sites during OH*, O*, and OOH* adsorption 
(Figures S31–S33, Supporting Information), and the standard 
free-energy diagram for OER of the materials at zero poten- tial 
are calculated (Figure 4g). For CoSe2-origin, as no delo- calized 
electrons exist (low asymmetry degree), the Co atom needs to 
directly transfer electrons to the adjacent Se atoms,  as well as 
the adsorbed OH* (Figure S31, Supporting Informa- tion). 
Therefore, the interaction between OH* and Co sites is weak, 
and OH* adsorption energy on CoSe2-origin reaches to 
0.74 eV. With the transformation from OH* to O*, and further 
to OOH*, the Co atom of CoSe2-origin would continuously 
transfer electrons to the intermediates, and its Bader charge 
number increases up to −0.590 e (Figure S31, Supporting Infor- 
mation). For this reason, the interaction between Co atom and 
adsorbed OOH* would be excessively strong, and hinder the 
following desorption of OOH*, which can be proved by its high 
free energy barrier (1.74 eV). Since the OOH* to O2 step is the 
rate-determining step for all the CoSe2 samples in this work, this 
large free energy barrier indicates its poor OER activity. For 
CoSe2-2v, even Co atom needs to transfer more electrons to 
adjacent Se atoms because of two selenium vacancies (high 
asymmetry degree), the delocalized electrons around the Co 
atom neighboring selenium vacancies can help to strongly 
adsorb the OH*, and decrease the OH* adsorption energy to 
0.30 eV. But this interaction may be too strong, and hinder the 
following OH* and O* transformation, as well as OOH* des- 
orption (Figure S32, Supporting Information). The free energy 
barrier of the OOH* desorption step for CoSe2-2v is still up to 
1.69 eV. With respect to CoSe2-2v-Pt, though the electronega- 
tivity of Pt (2.28) is smaller than that of Se atom (2.55), and 
needs to transfer electrons to OH* and adjacent Se atoms, it is 
high enough for Pt atom to attract electrons from the  delocal- 
ized electron cloud. Therefore, after OH* adsorption the Bader 
charge number of Co atom reaches to −0.486 e, while that of Pt 
atom is only −0.005 e (Figure 4h; Figure S33, Supporting 
Information). The significantly lower electronic site (Co) (com- 
pared with Pt) is more attractive to OH*, and simultaneously 
the lower electronic site is balanced by the negative charged 
OH*. Hence, the adsorption energy of OH* is quite appro- 
priate (0.47 eV) (Figure 4g). It can avoid the issue of weak inter- 
mediate adsorption that would result in an inferior reaction 
efficiency (overhigh adsorption energy), as well as excessively 
strong intermediate binding that would occupy all the available 
surface sites and poison the reactive surface (overlow adsorp- 
tion energy). The highly asymmetrical electron cloud induced 
by selenium vacancies and single Pt can further transfer elec- 
trons to the intermediates during the OH* and O* transforma- 
tion, and OOH* desorption process to keep the Bader charge 
number of Co under −0.500 e, so as to avoid excessively strong 
intermediate binding (Figure 4h). In this way the free energy 
barrier of OOH* desorption can be significantly decreased to 
1.53 eV. Single Pt is theoretically proved to greatly improve the 
OER activity of CoSe2 matrix (Figure 4g). 
The electronegativities of Ni (1.91) and Ru (2.20) are also 
smaller than that of Se (2.55), and thus electrons of Ni and  Ru 
atoms prefer to accumulate on the Se atoms when they 
coordinate. Meanwhile, they are smaller than that of Pt (2.28), 
so that single Ni and Ru cannot attract electrons from delocal- 
ized electron cloud as efficiently as single Pt. Consequently, the 
loading of single Ni and Ru atoms on selenium vacancies can 
only increase the  value of CoSe2 to 0.052 and 0.058, respec- 
tively (Figures S34 and S35, Supporting Information), obviously 
lower than that of CoSe2-2v-Pt. Even they still can enhance the 
interaction between the Co sites and the adsorbates, the Gibbs 
free energy barriers of CoSe2−x-Ni and CoSe2−x-Ru are 1.68 and 
1.62 eV (Figure 4g), respectively, indicating their inferior OER 
activities to CoSe2−x-Pt (1.53 eV). To better explain the effect of 
M type (M = Pt, Ni, and Ru) on the OER activity of the 
CoSe2−x-M catalysts, we specifically compare the Bader charge 
numbers of M and Co atoms of these catalysts after OH* and 
OOH* adsorption (Figure 4h; Figures S36 and S37, Supporting 
Information). Because of the various electronegativity, after the 
OH* adsorption, the Bader charge number difference of Co 
(−0.512 e) and Ni (−0.429 e) atoms in CoSe2−x-Ni, and that of 
Co (−0.479 e) and Ru (−0.406 e) in CoSe2−x-Ru is much smaller 
than that between Co and Pt atoms (Figure 4h; Figures S36 and 
S37, Supporting Information). Therefore, the electronic site of 
Co atoms in CoSe2−x-Ni and CoSe2−x-Ru cannot be balanced by 
the negative charged OH* as effectively as that in CoSe2−x-Pt, 
which is not favorable for OH* adsorption on Co sites. The 
OH* adsorption free energies on CoSe2−x-Ni and CoSe2−x-Ru 
are 1.22 and 1.02 eV (Figure 4g), respectively.[56] But after OOH* 
adsorption, the Co and Ni Bader charge numbers of CoSe2−x-Ni 
would be remarkably increased to −0.539 e and −0.417 e, while 
Co and Ru Bader charge numbers of CoSe2−x-Ru to −0.552 e 
and −0.607 e (Figure 4h; Figures S36 and S37, Supporting 
Information), and thus OOH* would be over strongly bound 
on the CoSe2−x-Ni and CoSe2−x-Ru surfaces. Accordingly, the 
OOH* desorption free energies of CoSe2−x-Ni and CoSe2−x-Ru 
are as high as 1.68 and 1.62 eV, much higher than that of 
CoSe2−x-Pt (1.53 eV). These calculation results strongly support 
the experimental results. They verify that single metal atoms 
inside the CoSe2 defect could induce electronic distribution 
asymmetry, and the higher electronic distribution asymmetry 
induced by single Pt can significantly improve the OER activity 
of CoSe2−x-Pt. 
To summarize, single Pt  trapped  in  selenium  vacancies  on 
CoSe2−x surface (CoSe2−x-Pt)  with  a  Pt  loading  content of 
2.25 wt% can be synthesized through ultraviolet irradia-  tion. 
XAFS proves that the selenium vacancies created by Ar plasma 
can stabilize the single Pt to form atomically coordi- 
nated Pt–Co–Se moiety. HAADF-STEM confirmed the ordered 
dispersion of single Pt on the Co atop sites of CoSe2 surface. 
The DFT calculations demonstrate that the filling of single Pt 
could induce highly asymmetrical electronic distribution on 
CoSe2 matrix, leading to its remarkably improved OER catalytic 
activity. Because of the significantly higher electronic  distribu- 
tion asymmetry degree, CoSe2−x-Pt shows much better OER 
performance than CoSe2−x-Ni and CoSe2−x-Ru, in spite that   Pt 
in general shows no intrinsic OER activity. Meanwhile, the 
formation of atomically coordinated Pt–Co–Se moieties could 
lead to its high selectivity for 4e− pathway in ORR (n  3.6), 
while isolated single Pt atoms normally result in a 2e− pathway. 
This work verifies the importance of highly asymmetrical elec- 




combination of experimental and theoretical methods. For a 
broader interest, it also proposes a general approach for sta- 
bilizing a guest atomic metal species at reaction interface of host 
matrix (like metal selenides and metal sulphides), paving   a new 
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